Meiosis is the specialized cell division that generates gametes. In contrast to mitosis, molecular mechanisms and regulation of meiosis are much less understood. Meiosis shares mechanisms and regulation with mitosis in many aspects, but also has critical differences from mitosis. This review highlights these differences between meiosis and mitosis. Recent studies using various model systems revealed differences in a surprisingly wide range of aspects, including cell-cycle regulation, recombination, postrecombination events, spindle assembly, chromosome-spindle interaction, and chromosome segregation. Although a great degree of diversity can be found among organisms, meiosis-specific processes, and regulation are generally conserved.
M
eiosis is a special mode of cell division, which makes haploid cells from a diploid cell. It is essential for sexual reproduction in eukaryotes and diploid organisms and produces gametes, such as eggs and sperm. Sexual reproduction is thought to be essential for long-term survival of species, as it generates diversity and mixes the genetic materials within the species. This consists of two opposite processes: meiosis, which reduces chromosome numbers from diploid to haploid, and conjugation (fertilization), which restores the diploid state by fusion of two haploid cells. Meiosis generates diversity through two events: recombination and chromosome segregation. Missegregation during meiosis results in aneuploidy in progeny or fertilized eggs. In the case of humans, it is reported that 20% of all eggs are aneuploids, most of which are results of chromosome missegregation in oocytes (Hassold and Hunt 2001) . This is a major cause of infertility, miscarriages, and birth defects, such as Down's syndrome, in humans. Despite the medical importance, little is known about the molecular mechanisms of meiotic chromosome segregation in humans. Understanding meiosis is not only important for its own ends, but also provides unique insights into the fundamental regulation of mitosis. As many excellent reviews already cover specific aspects of meiosis, this review gives an overview by highlighting key meiotic events and molecular regulation distinct from mitosis.
CELL-CYCLE CONTROL
In eukaryotic mitotic cycles, chromosome replication and segregation alternate. This is essential for maintaining the genome stability. This is achieved by two-step regulation of replication by Cdk (Tanaka and Araki 2010) . The first step, called licensing, allows Mcm2 -7 to be recruited to form the prereplicative complex at replication origins only in G 1 when Cdk activity is low. An increase in Cdk kinase activity, together with Cdc7 kinase activity in late G 1 , triggers initiation of DNA replication. As a high Cdk activity inhibits the formation of the prereplicative complex, the origin will not be licensed until the mitotic exit. This dual function of Cdk ensures only one firing from each replication fork in one mitotic cycle.
In contrast, meiosis consists of two divisions without an intervening S phase, which is essential for reducing the ploidy. Suppression of the intervening S phase is achieved by maintaining the Cdk activity sufficiently high between two meiotic divisions. In Xenopus oocytes, incomplete degradation of cyclin B and a low amount of the Wee1 kinase keeps the Cdk activity high. Artificial inactivation of Cdk1 after meiosis I results in DNA replication between the two divisions (Furuno et al. 1994; Iwabuchi et al. 2000; Nakajo et al. 2000) . High Cdk1 activity inhibits the formation of the prereplicative complex by preventing binding of Mcm2 -7 to replication origins. In Saccharomyces cerevisiae, a meiosisspecific protein kinase, Ime2, also contributes to phosphorylation of some of Cdk1 substrates to suppress replication between the two meiotic divisions (Holt et al. 2007 ).
PAIRING AND RECOMBINATION
Meiotic recombination exchanges the genetic materials between two homologous chromosomes. It is essential not only for exchanging genetic materials to generate diversity in offspring, but also for holding homologous chromosomes together through chiasma, to segregate chromosomes properly.
Homologous chromosomes pair along the whole length and this homologous paring is further stabilized by the formation of an elaborate structure, the synaptonemal complex. In yeast and mouse, meiotic recombination is required for proper synaptonemal complex formation (Loidl et al. 1994; Baudat et al. 2000; Romanienko and Camerini-Otero 2000) , whereas in Drosophila and Caenorhabditis elegans, the synaptonemal complex can form independently of meiotic recombination (Dernburg et al. 1998; McKim et al. 1998) .
Recombination mechanisms themselves are largely shared in both meiotic recombination and the homologous recombination repair process in the mitotic cell cycle, but there are crucial differences. In the case of meiosis, DNA double-strand breaks (DSBs) are obligatory rather than the result of accidental damage, as in the mitotic cell cycle. DSBs, which initiate meiotic recombination, are created by the conserved Spo11 endonuclease (Keeney et al. 1997) . The sites of DSBs are not random, often clustering at meiotic recombination hot spots (Lichten and Goldman 1995) . There is a line of evidence that the chromatin modifications are involved in the site selection of meiotic DSBs. In S. cerevisiae, methylation of histone 3 at lysine 4 (H3K4) coincides with sites of DSBs, and the H3K4 methyltransferase Set1 is required for DSB formation (Sollier et al. 2004; Borde et al. 2009 ). In mammalians, Prdm9, a H3K4 methyltransferase with a zinc finger domain, mediates the hot spot selection. The difference in the choice of hot spots among mouse strains was attributed to a difference in the amino acid sequence within the zinc finger domain (Baudat et al. 2010; Parvanov et al. 2010) . In humans, the major Prdm9 isoform within the population was predicted and shown to specifically bind the known consensus sequence enriched near recombination hot spots (Baudat et al. 2010; Meyer et al. 2010) . Furthermore, the allelic differences in the zinc finger domain are correlated to the usages of recombination hot spots in humans. Prdm9 is a fast-evolving protein in many animals, including humans (Oliver et al. 2010) , and this rapid change is thought to counteract a loss of individual hot spots because of biased gene conversion during the recombination process (Nicolas et al. 1989) .
The second difference is that the recombination partners are mainly homologous chromosomes in meiosis, whereas they are mainly sister chromatids in DNA repair during mitotic cycles (Kadyk and Hartwell 1992; Bzymek et al. 2010 ). This homolog bias in meiosis is crucial as recombination among sister chromatids would not be productive in terms of generating diversity or forming the chiasma that hold homologous chromosomes together during metaphase I. From studies in S. cerevisiae, the partner choice is thought to be mediated by strand exchange proteins (RecA homologs), Rad51 and Dmc1, which promote the invasion of singlestranded DNA into a double-stranded recombination partner. Rad51 is expressed both in mitotic cycles and meiosis and, on its own, promotes intersister chromatid recombination, whereas the meiosis-specific protein Dmc1, together with Rad51, promotes interhomolog recombination in meiosis (Cloud et al. 2012 ). In addition, interhomolog recombination is promoted in meiosis through suppression of Rad51 by two meiosis-specific factors: the kinase complex Red1/Hop1/Mek1 and the Rad51-interacting protein Hed1 (Busygina et al. 2008; Niu et al. 2009 ).
During recombination, a specific arrangement of chromosomes, called a bouquet, has been observed in a wide variety of organisms (Harper et al. 2004 ). In the bouquet arrangement, telomeres are attached to a specific area of the nuclear envelope. In the most well-studied organism, the fission yeast Schizosaccharomyces pombe, bouquet arrangement was shown to be associated with dynamic movement of the nucleus, which facilitates pairing and recombination ( Fig. 1) (Chikashige et al. 1994) . During fission yeast interphase, the spindle pole body (SPB) is associated with centromeres (Funabiki et al. 1993) . At the onset of meiosis, the SPB switches its association from centromeres to telomeres (Chikashige et al. 1994) . SUN and KASH domain proteins, together with Bqt1 and Bqt2, connect telomeres and cytoplasmic aster microtubules, which are organized by the meiosis-specific SPB protein Hrs1/Mcp6 (Saito et al. 2005; Tanaka et al. 2005; Chikashige et al. 2006) . The dynein motor drives the oscillatory movement of the nucleus to facilitate homologous chromosome pairing (Yamamoto et al. 1999) .
In C. elegans, the paring center near a telomere on each chromosome acts as the initiator of meiotic chromosome paring, and these pairing centers also interact with cytoplasmic dynein through links of SUN-KASH domain proteins, which span the nuclear envelope (Sato et al. 2009; Baudrimont et al. 2010; Wynne et al. 2012) . Movement along the nuclear envelope, mediated by dynein, induces dynamic movement of pairing centers. In mouse spermatocytes, bouquet organization and microtubuledependent nuclear movement were reported during early meiotic prophase (Scherthan et al. 1996; Morimoto et al. 2012 ). In addition, involvement of SUN-KASH domain proteins has been shown (Morimoto et al. 2012 ).
An interesting example is found in S. cerevisiae. Vigorous chromosome movement is observed in meiotic prophase I (Conrad et al. 2008; Koszul et al. 2008) . Like other organisms, this chromosome movement is led by telomere cluster near spindle pole bodies, and a SUN domain protein is involved in this movement 
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POSTRECOMBINATION EVENTS
Compared with recombination and chromosome segregation, much less attention has been paid to the period between the two events in meiosis. However, this period is usually longest in meiosis. All mammalian oocytes arrest meiosis at birth until ovulation. This means that in human oocytes, arrest lasts up to 40 years. This prolonged arrest is linked to so-called maternal age effect in humans (Hassold and Hunt 2009) . Maternal age effect is the phenomenon that the incidence of aneuploidy increases as the age of the mothers increases. The cause is still under intense discussion, but cohesin fatigue is one of the attractive hypotheses. In mitotic cycles, cohesin establishes at S phase and the same cohesin complex stays on chromosomes until mitosis (Uhlmann and Nasmyth 1998) . If there is no new cohesin loading during the meiotic arrest, the same cohesin molecules have to keep chromatids together for decades. It is hypothesized that gradual loss of cohesin during the prolonged arrest probably increases the frequency of missegregation. Evidences suggest that cohesin does not turn over in mouse oocytes once it is established (Revenkova et al. 2010; TachibanaKonwalski et al. 2010) , and oocytes from old mothers have reduced cohesin on chromosomes in mouse (Lister et al. 2010) .
During the postrecombination period, in some species, a compact cluster of chromosomes forms in the enlarged nucleus. In Drosophila oocytes, the structure was called the karyosome and forms soon after the completion of recombination (King 1970) . Similar clustering of chromatin within the nucleus can be found within mammalian oocytes. In mouse oocytes, two types of chromatin organization were found in immature oocytes, which are often referred to as SN (surrounded nucleolus) and NSN (nonsurrounded nucleolus). In a nucleus with SN, meiotic chromosomes are clustered around the nucleolus with centromeres in proximity to the nucleolus. This clustered chromatin is also referred to as the karyosphere, and is also found in human oocytes (Parfenov et al. 1989) . In mouse, oocytes with an SN configuration are more competent for further development after fertilization than ones with an NSN configuration (Zuccotti et al. 1998 (Zuccotti et al. , 2002 . From studies in Drosophila, it is proposed that clustering of meiotic chromosomes facilitates formation of one unified spindle (Lancaster et al. 2007) . As oocytes have a large nucleus and cytoplasm and spindles assembled around chromosomes without centrosomes, chromosomes distant from each other may form separate spindles. Although chromosome clustering is a widespread phenomenon in oocytes, very few molecular studies have, so far, been performed on the molecular basis of this process. In Drosophila oocytes, karyosome formation requires the conserved kinase NHK-1 (Cullen et al. 2005; Ivanovska et al. 2005) . A study identified barrier-to-autointegration factor (BAF), a linker protein between chromosomes and the nuclear envelope, as one of the critical substrates of NHK-1 in meiosis (Fig. 2) (Lancaster et al. 2007) . It is proposed that the phosphorylation of BAF by NHK-1 is required for release of chromatin from the nuclear envelope to allow the karyosome formation. A further study showed that NHK-1 activity is suppressed by the meiotic recombination checkpoint to block nuclear reorganization, including karyosome formation, in response to unrepaired DSBs (Lancaster et al. 2010) .
REDUCTIONAL AND EQUATIONAL CHROMOSOME SEGREGATION
Homologous chromosomes are segregated in the first meiotic division, and sister chromatids are segregated in the second division. To achieve this, two major processes are specifically modified in meiosis in comparison with mitosis (Fig. 3) .
Monopolar Attachment of Sister Chromatids in Meiosis I
The first difference of meiosis from mitosis is the behavior of kinetochores to achieve bipolar Formation of the karyosome in Drosophila oocytes. The conserved protein kinase NHK-1 phosphorylates barrier-to-autointegration factor (BAF), a linker between the nuclear envelope and chromatin, to release meiotic chromosomes from the nuclear envelope. The meiotic recombination checkpoint suppresses NHK-1 activity to keep the nucleus in the recombination state when DNA double-strand breaks (DSBs) are still present.
Mitosis Meiosis Cohesin
Figure 3. Reductional and equational chromosome segregation. Cohesin connects sister chromatids. In mitosis, sister kinetochores are attached to microtubules from the opposite poles. Cohesin connects sister chromatids and the removal of cohesin along chromosomes triggers sister chromatid separation. Homologous chromosomes behave independently. In meiosis I, sister kinetochores are attached to microtubules from the same pole. Homologous chromosomes are attached to the opposite poles and connected by chiasma. Destruction of cohesin from chromosome arms triggers homologous chromosome separation. Cohesin at centromeres is protected to provide a linkage among sister chromatids. In meiosis II, sister kinetochores are attached to microtubules from the opposite poles. Destruction of the centromeric cohesin triggers sister chromatid separation.
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In meiosis II, like mitosis, sister kinetochores must attach to the opposite poles. In S. cerevisiae, the monopolin complex is responsible for monopolar orientation of sister kinetochores in meiosis I (Tó th et al. 2000; Rabitsch et al. 2003) . The monopolin complex consists of casein kinase I and other regulatory subunits, and localizes to kinetochores in meiosis . Monopolin localization is dependent on Spo13, Polo kinase, and Cdc7 kinase (Clyne et al. 2003; Katis et al. 2004; Lee et al. 2004; Lo et al. 2008; Matos et al. 2008) .
However, the involvement of the monopolin complex in monoorientation of sister kinetochores may be restricted to S. cerevisiae, which has a single microtubule attached to each kinetochore. In fission yeast, in which multiple microtubules attach to each kinetochore, the homologous complex of monopolin is required for preventing one kinetochore from attaching microtubules from opposite poles (so-called merotelic attachment) in mitosis (Gregan et al. 2007) . Therefore, it is hypothesized that the molecular function of monopolin is to clamp microtubule attachment sites together between two sister kinetochores in the case of S. cerevisiae, and within a single kinetochore in mitosis in other organisms, which have multiple microtubules attached to one kinetochore (Gregan et al. 2007; Corbett et al. 2010) . Instead, in fission yeast, mono-orientation of sister kinetochores is dependent on the meiosis-specific cohesin subunit Rec8, as well as the meiosisspecific protein Moa1, which localizes to kinetochores until metaphase I (Watanabe et al. 2001; Yokobayashi and Watanabe 2005) . Rec8 and Moa1 interact with each other, but the molecular function of Moa1 remains to be understood. During meiosis I, the ability of the meiotic cohesin complex-containing Rec8 to localize at the core centromeres is necessary to promote mono-orientation of sister kinetochores, whereas the mitotic cohesin localizes at pericentrometic regions, not core centromeres, to promote biorientation of sister kinetochores (Sakuno et al. 2009 ). Therefore, it is hypothesized that linking two sister centromeres by cohesin brings meiosis I -specific kinetochore configuration.
Stepwise Removal of Cohesin
The second difference of meiosis from mitosis is stepwise removal of cohesin from chromosomes. Cohesin connects sister chromatids consisting of replicated DNA (Nasmyth and Haering 2009 ). In mitotic metaphase, cohesin resists the pulling forces acting on kinetochores toward the opposite poles. The cohesin complex is removed either by phosphorylation or cleavage of one of the subunits, Scc1. This removal triggers the separation of sister chromatids.
In contrast, in meiosis I, homologous chromosomes are connected by chiasma and pulled toward the opposite poles. This connection depends on cohesin localized among the sister chromatids distal to the chiasma. Removal of cohesin from chromosome arms abolishes the connection and triggers anaphase. The crucial difference from mitosis is that cohesin at centromeres must be protected in the metaphase/ anaphase transition in meiosis I. This centromeric cohesin maintains a link among sister chromatids until anaphase II, when the remaining cohesin is removed. In most organisms, the meiosis-specific cohesin subunit Rec8 replaces Scc1 (Watanabe and Nurse 1999) . A conserved protein, called Shugoshin (Sgo), is responsible for this centromere protection (Kitajima et al. 2004 ). Mei-S332 in Drosophila was the first identified member of Sgo. Mutants in mei-S332 showed precocious separation of sister chromatids in anaphase I, leading to missegregation of sister chromatid in the second meiotic division (Kerrebrock et al. 1992 ). Later, this was shown to be widely conserved in eukaryotes when a homolog of mei-S332, Sgo1, was identified in fission yeast as a protein that protects the meiotic cohesin subunit Rec8 from proteolysis in the centromeric regions in anaphase I (Kitajima et al. 2004 ). Both Rec8 and Sgo1 are expressed only in meiosis, and forced expression of both proteins in mitotic cells blocks nuclear division.
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Sgo recruits protein phosphatase 2A (PP2A) to centromeric regions and constantly dephosphorylates cohesin (Kitajima et al. 2006; Riedel et al. 2006) . As phosphorylation of cohesin is required for cleavage, Sgo protects meiotic cohesin from cleavage in anaphase I. Sgo itself is recruited to centromeres by phosphorylation of histone 2A by Bub1 kinase (Kawashima et al. 2010) .
In addition to the roles in meiosis, Sgo also has roles in ensuring the accuracy of chromosome segregation in mitosis (Yao and Dai 2012) . Although the molecular mechanism is still under investigation, evidence showed that it recruits and regulates various proteins at centromeres, including PP2A, the chromosomal passenger complex (CPC), and the microtubule-depolymerizing kinesin MCAK (Tanno et al. 2010; Rivera et al. 2012 ). The identification and subsequent studies of Sgo are a good example of how the studies of meiosis have made crucial contributions to the understanding of mitosis.
ACENTROSOMAL SPINDLE FORMATION
A spindle in oocytes differs from a mitotic spindle in some key aspects. Remarkably, a spindle forms without centrosomes in the oocytes of many animals, including humans, mouse, Xenopus, Drosophila, and C. elegans (McKim and Hawley 1995) . This is specific to the oocyte not meiosis in general, as spermatocytes still contain centrosomes that drive spindle formation. Centrosomes must be eliminated or inactivated during oogenesis, but the mechanism of this is not understood. Lack of centrosomes in oocytes raises a question as to how spindle microtubules are assembled. An in vitro spindle-assembly system in Xenopus extract played critical roles in solving the problem. It was shown that beads coated with random DNA can assemble a bipolar spindle in Xenopus extract (Heald et al. 1996) . This indicates any DNA can recruit proteins that induce microtubule assembly. It revealed the central role of the Ran system in chromatin-mediated assembly of spindle microtubules (Gruss et al. 2001; Wiese et al. 2001 ). The Ran system was originally identified for nuclear transport, but, subsequently, identified for spindle assembly and nuclear envelope reassembly (Hetzer et al. 2002) . Ran is a small G protein that can be switched between GTP-and GDP-binding forms (Fig. 4) . A chromosome-associated protein, Rcc1, acts as a guanine nucleotide-exchanging factor (GEF), which converts Ran-GDP to Ran-GTP to generate the Ran-GTP gradient. Ran-GTP binds to importin by removing it from other binding proteins, including some "spindle-assembly factors," which promote spindle assembly. Away from the chromosomes in which the Ran-GDP form is dominating, these spindle-assembly factors are kept inactive by binding to importin. Near the chromosomes in which Ran-GTP concentration is high, the spindle-assembly factors are released from importin to become active. These spindle-assembly factors include TPX2, NuMA, NuSAP, and HURP, and these collectively promote microtubule stabilization and bipolar spindle formation (Gruss et al. 2001; Wiese et al. 2001; Koffa et al. 2006; Ribbeck et al. 2006; Sillje et al. 2006) .
The requirement of the Ran-GTP gradientbased mechanisms in chromosome-mediated acentrosomal spindle assembly is very clear in Xenopus extract, but it is less clear in living oocytes. Disrupting the Ran gradient by either expression of dominant negative or hyperactive forms of Ran did not prevent a spindle from forming around the chromosomes in mouse oocytes (Dumont et al. 2007 ). Similar observa- Chromosome-mediated spindle assembly through Ran. Ran-GDP is converted into Ran-GTP by chromosome-associated RCC1 to generate a Ran-GTP gradient. Near chromosomes, Ran-GTP activates spindle-assembly factors by removing importin from them. Microtubules and the spindle can be assembled only in proximity to the chromosomes.
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Cite this article as Cold Spring Harb Perspect Biol 2015;7:a015859 tions have been made in Drosophila oocytes, although the gradient was not directly monitored (Cesario and McKim 2011) . This indicates that chromosomes have alternative pathways or signals that induce microtubule assembly independently from Ran. The CPC-containing Aurora B kinase may act as an alternative pathway. First, in Xenopus egg extract, the CPC is essential for centrosome-independent spindle microtubule assembly (Sampath et al. 2004) . Also, in Drosophila oocytes, it was shown that CPC is essential for spindle microtubule assembly (Colombie et al. 2008; Radford et al. 2012) . Chromosomes activate Aurora B kinase independently of Ran and the activated kinase is then targeted to microtubules to promote spindle assembly (Tseng et al. 2010) . The targets of the kinase activity include two microtubule-depolymerizing proteins, MCAK and Op18/stathmin (Andrews et al. 2004; Ohi et al. 2004; Gadea and Ruderman 2006) . Although it was known that the mitotic spindle forms without centrosomes in plants, it was, relatively, recently realized that the spindle can form in mitotic animal cells without centrosomes when they are artificially removed. In human cultured cells, when centrosomes were ablated using a laser, the spindle morphology and function were unaffected (Khodjakov et al. 2000) . In Drosophila, inactivating essential centrosome components eliminated centrosomes from cells, but spindle formation and function is not disrupted (Basto et al. 2006) . Furthermore, the flies lacking centrosomes develop with only a slight increase in the frequency of aneuploids.
As a mitotic spindle can form without centrosomes, a critical question is whether a meiotic spindle is simply the same as a mitotic spindle without centrosomes, or a spindle that is modified to cope with a lack of centrosomes? This is an unexplored question, but some evidence suggests the existence of oocyte-specific mechanisms to compensate for a lack of centrosomes. For example, in Drosophila mitosis, the g-tubulin recruiting complex augmin is responsible for assembling most centrosome-independent spindle microtubules (Goshima et al. 2008) . Therefore, a loss of the augmin complex, in conjunction with inactivation of centrosomes, results in a dramatic loss of spindle microtubules (Goshima et al. 2008; Wainman et al. 2009 ). In contrast, oocytes lacking the augmin complex (and centrosomes) still form robust spindles (Meireles et al. 2009 ). This suggests a meiosisspecific microtubule assembly pathway independent of centrosomes and augmin. Moreover, augmin shows meiosis-specific stable localization to acentrosomal spindle poles, suggesting that the meiosis-specific regulation of augmin may, in part, compensate for a lack of centrosomes in oocytes (Colombie et al. 2013 ).
ASYMMETRIC DIVISION OF OOCYTES
Meiosis produces four daughter haploid cells from one diploid oocyte. In the case of oogenesis, only one daughter becomes an egg and the others ( polar bodies) will not participate in reproduction. Oocytes divide asymmetrically in each division to minimize a loss of the cytoplasm. For successful asymmetric division, the spindle must be positioned near the cell cortex and oriented perpendicularly to the cell cortex. Considerable studies on asymmetric divisions have been performed in mitosis, highlighting the critical roles of centrosomes and interaction between aster microtubules and the cell cortex (Knoblich 2010) . Without centrosomes in oocytes, how does the meiotic spindle become oriented and positioned? Studies in mouse oocytes showed that instead of microtubules, the dynamic actin network plays a crucial role in the positioning of the meiotic spindle. The actin network in oocytes is formed by cooperative actions of the actin nucleators, Formin-2 (Fmn2), Spire 1, and Spire 2 (Azoury et al. 2008; Schuh and Ellenberg 2008; Pfender et al. 2011 ). Rab18a-positive vesicles serve as nodes of the network to regulate the density and myosin IVb-dependent dynamics (Holubcová et al. 2013) . Transient destabilization of actin filaments caused by temporal degradation of Fmn2 is required for initial migration (Azoury et al. 2011) .
Similarly, the meiosis II spindle needs to be positioned near the cortex. In mouse meiosis II, this is maintained by a flow of actin away from the spindle along the cortex and toward the spindle from the other side of the oocyte (Yi et al. 2011 ). This flow is driven by Arp2/3, N-WASP, and myosin II. A similar cytoplasmic flow was also observed in the late stage of the spindle migration in meiosis I.
INTERACTION BETWEEN THE SPINDLE AND CHROMOSOMES
Chromosome -microtubule interactions in oocytes may be "different" from those in mitosis. In mitosis, the main interaction is provided by kinetochores, which interact with dynamic microtubule ends. In the simplest model of mitosis, microtubules nucleated from centrosomes capture kinetochores and generate pulling forces (the "search and capture" model) (Kirschner and Mitchison 1986) . When sister kinetochores are attached to microtubules from the opposite poles, chromosomes becomes congressed to the metaphase plate. The pulling forces acting between kinetochores and the opposite poles are resisted by cohesion among sister chromatids, and destruction of cohesin at the onset of anaphase triggers the movement of sister chromatids toward the poles. Although kinetochores are also important in meiosis, nonkinetochore interactions seem more prominent in oocytes than in mitotic cells.
In mouse, it has been shown that kinetochore-microtubule end-on attachment is not properly established until well after chromosome congression at the spindle equator (Brunet et al. 1999) . Chromosomes move toward the spindle equator by sliding along the surface of the spindle without end-on attachment, leading to ring arrangement of chromosomes at the spindle equator (Kitajima et al. 2011 ). This congression is followed by trial-and-error establishment of bipolar end-on attachment of homologous kinetochores at the spindle equator. Full stable end-on attachment will not be achieved until several hours after nuclear envelope breakdown, and the delay of end-on attachment in oocytes appears to be caused by slow gradual increase of Cdk1 activity (Davydenko et al. 2013 ). An artificial premature increase of Cdk1 activity resulted in the premature establishment of attachment. As this also increased the lagging chromosomes in anaphase I, slow increase of Cdk1 activity is proposed to delay stable attachment until spindle bipolarity is established. It remains to be established how the chromosomes congress to the spindle equator without end-on microtubule attachment to kinetochores or how a gradual increase of Cdk delays the microtubule attachment to kinetochores.
Observations in C. elegans oocytes also indicated different contributions of kinetochores in meiosis to those in mitosis. First, microtubules appear to interact with chromosomes laterally during chromosome congression. This congression is at least partly mediated by the chromokinesin KLP-19, which localizes to the junction among the homologs (Wignall and Villeneuve 2009) . Furthermore, inactivation of kinetochores by RNA interference (RNAi) resulted in less tight congression and misorientation of chromosomes relative to the spindle axis. Surprisingly, chromosomes without active kinetochores can separate during anaphase at a speed comparable with the wild type (Dumont et al. 2010) . Anaphase chromosome movement seems to be driven by the elongation of spindle microtubules among separating homologous chromosomes. However, it should be noted that C. elegans centromeres are not restricted to small regions, as kinetochores are formed along proximal parts of chromosomes in meiosis (Dumont et al. 2010) .
How do the chromosomes move without end-on attachment in oocytes? Even in mitosis, there is evidence of such forces acting on chromosomes. Polar ejection forces act on chromosome arms and are involved in chromosome congression at the metaphase plate (Rieder and Salmon 1994) . When chromosomes were artificially cut, a chromosome fragment that lacked kinetochores moved toward the spindle equator (Rieder et al. 1986 ). Chromokinesins play a part in polar ejection forces, but interaction of chromosome arms with growing microtubule plus ends can also generate such forces. In the case of Drosophila oocytes, the chromokinesin Nod is thought to generate polar ejection forces (Theurkauf and Hawley 1992; Matthies et al. 1999) . Nod is an immotile kinesin but can promote microtubule polymerization (Cui et al. 2005) . In mouse oocytes, the chromokinesin Kid is dispensable for chromosome congression (Kitajima et al. 2011 ).
SPINDLE-ASSEMBLY CHECKPOINT
The spindle-assembly checkpoint is a mechanism to ensure the correct segregation of chromosomes and is crucial for genome stability. It monitors a lack of microtubule attachment to kinetochores and a lack of tension to block or delay anaphase onset through inhibition of anaphase-promoting complex/cyclosome (APC/ C) (Lara-Gonzalez et al. 2012) .
There are lines of evidence that suggest that the spindle-assembly checkpoint in meiosis is not robust as in mitosis. This is evident especially in oocytes, which display a high incidence of chromosome missegregation. In mouse oocytes, several studies show that anaphase I can initiate without all chromosomes achieving proper bipolar attachment, metaphase alignment, or interkinetochore tension (LeMaireAdkins et al. 1997; Nagaoka et al. 2011; Kolano et al. 2012) . In Xenopus oocytes, inhibition of spindle microtubules or bipolar spindle formation did not delay the onset of anaphase I (Shao et al. 2013) . This lack of a robust spindle checkpoint in oocytes may be one of the reasons why meiosis in human oocytes shows a high level of chromosome missegregation.
Although tension among homologous chromosomes, not sister chromatids, has to be detected in meiosis I, the molecular mechanism may be shared with mitosis. During meiotic prometaphase I in yeast and mouse oocytes, the CPC is essential for releasing incorrect attachments (Kitajima et al. 2011; Meyer et al. 2013 ) to achieve the bipolar attachment of homologs. In Drosophila oocytes, it has been shown that the CPC is required for bipolar attachment (Resnick et al. 2009 ). Therefore, the requirement of the CPC in correcting erroneous attachment is universal in mitosis and meiosis, and conserved among eukaryotes.
CONCLUDING REMARKS
The study of meiosis has a long history, but far fewer studies have been performed on meiosis in comparison with mitosis, partly because of technical challenges. Although studies of meiosis often generated results that are largely extensions of what is already known in mitosis, some studies have revealed unexpected functions and regulations of meiosis. In some cases, they had impacts well beyond meiosis, especially on the understanding of mitosis. Recent studies have resulted in many important findings, and many more exciting discoveries are still waiting to come. 
